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Introduction
============

In skeletal muscle, activity-dependent expression of slow or oxidative fiber type--specific genes may be mediated by the transcription factors myocyte enhancer factor 2 (MEF2; [@bib2]; [@bib38]) and nuclear factor of activated T cells (NFAT; [@bib6]). According to several recent papers, MEF-2 forms a complex with members of the class II histone deacetylase (HDAC; HDACs 4, 5, 7, and 9) family of proteins within the nucleus in a variety of cell types, including skeletal muscle, which represses transcriptional activation by MEF-2 ([@bib29]).

The repression of MEF2 transcriptional activation by class II HDACs is regulated by the phosphorylation status of HDAC in a variety of cell types. Dephosphorylated HDAC remains within the nucleus and represses MEF2 activity. In response to activation of calmodulin-dependent protein kinase (CaMK), HDAC becomes phosphorylated ([@bib18]). Phosphorylated HDAC binds to the chaperone protein 14-3-3 ([@bib35]) within the nucleus and moves out of the nucleus via the nuclear export protein CRM1 in complex with 14-3-3 ([@bib12]; [@bib27]). HDAC removal from the nucleus would eliminate HDAC inhibition of MEF2 activation of gene expression. Class II HDACs distribute between the nucleus and the cytoplasm depending on the activity of CaMK ([@bib25]). The intra-nuclear phosphorylation of HDAC by CaMK and resulting nuclear efflux of HDAC thus provides a possible Ca^2+^ pattern--dependent, phosphorylation-mediated signaling pathway for regulation of slow fiber type gene expression in muscle.

We now use cultured adult skeletal muscle fibers to investigate the activity-dependent nucleocytoplasmic translocation of HDAC4-GFP in response to different stimulation frequencies, as well as the activity-dependent and the resting translocation of HDAC4-GFP in the presence of different kinase, phosphatase, or transport inhibitors. We find that 10-Hz train stimulation to mimic slow-twitch fiber activity ([@bib15]) caused net nuclear to cytoplasmic translocation of HDAC4-GFP, but not of HDAC5-GFP. Translocation of HDAC4-GFP resulting from electrical stimulation was completely blocked by the CaMK inhibitor KN-62. This stimulation pattern also increased nuclear levels of activated CaMKII and increased MEF2 transcription activity. Blocking of the nuclear export system in unstimulated fibers resulted in net nuclear HDAC4-GFP accumulation, indicative of active nucleocytoplasmic shutting of HDAC4 in resting fibers. However, the subcellular distribution of HDAC4-GFP was not affected by KN-62 in resting fibers. Thus, different phosphorylation/dephosphorylation mechanisms underlie the resting shuttling and the activity-dependent nuclear efflux of HDAC4 in skeletal muscle.

Results
=======

Intracellular distribution of HDAC4-GFP
---------------------------------------

HDAC4-GFP fusion protein was present in both the cytoplasm in a sarcomeric pattern and nucleus of fully differentiated adult flexor digitorum brevis (FDB) skeletal muscle fibers in culture after transduction with adenovirus and expression for ∼3 d ([Fig. 1](#fig1){ref-type="fig"}). The mean value of the ratio of nuclear to cytoplasmic mean pixel fluorescence was 2.4 ± 0.2 (28 nuclei from 16 HDAC4-GFP--infected fibers). Hemagglutinin-tagged HDAC4 (HDAC4-HA) showed a similar pattern of distribution as HDAC4-GFP--infected and immunostained FDB fibers (unpublished data). HDAC4-GFP--infected FDB fibers exhibited variable numbers of 1--2-μm-long elongated inclusion bodies in the cytoplasm ([@bib19]), generally oriented parallel to the fiber axis, as did HDAC4-HA--infected fibers stained with anti-HA antibody (unpublished data). Thus, these inclusion bodies result from HDAC4 and not the GFP moiety. Inclusion bodies were not included in analyzing the fluorescence of cytoplasmic HDAC4-GFP. Self-aggregation of HDAC4 both in the cytoplasm and nucleus of other cell types has been reported previously, possibly due to an NH~2~-terminal HDAC4 dimerization domain and sumolyation of HDAC4 ([@bib19]).

![**Images of a fiber expressing HDAC4-GFP before and during stimulation with 10-Hz trains.** A fiber expressing HDAC4-GFP is shown in Ringer\'s solution at RT 30 min before stimulation (−30), at the start of stimulation (0), and after stimulation for 60 or 120 minutes with 5-s duration trains of 10-Hz pulses applied every 50 s. After 2-h stimulation there is a significant decline of fluorescence in all the nuclei. Bar, 10 μm.](200408128f1){#fig1}

Activity-dependent translocation of HDAC4-GFP
---------------------------------------------

Next, we investigated translocation of HDAC4-GFP from the nucleus to the cytoplasm in response to electrical stimulation patterns mimicking the physiological activity patterns of skeletal muscle. After 30 min without stimulation, during which the fluorescence in both the nucleus and the cytoplasm was stable ([Fig. 1](#fig1){ref-type="fig"}, −30 and 0 min), fibers were repeatedly stimulated with a 10-Hz train for 5 s every 50 s. Field stimulation resulted in visible twitches throughout the period of stimulation in all fibers used for analysis. This electrical stimulation caused a noticeable translocation of HDAC4-GFP from the nucleus to the cytoplasm ([Fig. 1](#fig1){ref-type="fig"}, 60 and 120 min). Over a 2-h period of repetitive stimulation (5-s duration 10-Hz trains every 50 s) nuclear fluorescence continuously decreased, indicating continued net translocation of HDAC4-GFP out of the nucleus. This net efflux of HDAC4-GFP from the nucleus occurred without any significant change in cytoplasmic fluorescence ([Fig. 2](#fig2){ref-type="fig"} A), indicating that the total cytoplasmic pool of HDAC4-GFP was much larger than the size of the total nuclear pool.

![**Time course of nuclear to cytoplasmic translocation of HDAC4 during 10-Hz train stimulation.** (A) The average fluorescence intensity per pixel over whole nuclei (closed circles) or over the cytoplasm (open circles) was quantitated and normalized as described in Materials and methods. 5-s trains of 10-Hz stimuli every 50 s resulted in net nuclear to cytoplasmic translocation of HDAC4-GFP. Nuclear fluorescence declined continuously during the 120-min stimulation period. The cytoplasmic fluorescence remained constant during the same period of time. (B) The reversibility of HDAC4-GFP efflux due to electrical stimulation. (C) CaMK inhibitor KN-62 blocked the nuclear to cytoplasmic translocation of HDAC4-GFP in stimulated fibers.](200408128f2){#fig2}

The efflux of HDAC4-GFP in response to electrical stimulation was reversible. Fibers infected with HDAC4-GFP were stimulated with 10-Hz trains for 1 h during which HDAC4-GFP translocated from the nucleus to the cytoplasm ([Fig. 2](#fig2){ref-type="fig"} B). The stimulation was then stopped. Nuclear HDAC4-GFP fluorescence continued to drop for ∼10--20 min after the end of stimulation, possibly indicating delayed reversal of CaMKII activation. Subsequently, the nuclear fluorescence began to increase. By 90 min after the electrical stimulation was terminated, the nuclear HDAC4-GFP had recovered to 75% of the value before electrical stimulation, with a steady trend of continuing influx of HDAC4-GFP at the end of the monitoring interval (eight nuclei from four fibers).

It is known that CaMK can phosphorylate class II HDACs ([@bib12]; [@bib36]). Phosphorylated intranuclear HDACs bind to 14-3-3 proteins ([@bib27]), exposing a nuclear export signal at the HDAC COOH terminus and thus allowing HDAC translocation to the cytoplasm. Therefore, we equilibrated fibers with the CaMK inhibitor KN-62 (5 μM, a concentration selective for CaM kinase inhibition; [@bib34]; [@bib8]) for 30 min without stimulation, and then stimulated with 10-Hz trains for 5 s every 50 s. In the presence of 5 μM KN-62, there was no change in either nuclear or cytoplasmic fluorescence either at rest or in response to 10-Hz train stimulation ([Fig. 2](#fig2){ref-type="fig"} C; nine nuclei from four fibers). The results in [Fig. 2](#fig2){ref-type="fig"} (A and C) strongly suggest that electrical stimulation resulted in HDAC4-GFP phosphorylation by CaMK before translocation.

Activation of nuclear CaMKII and MEF2
-------------------------------------

To test for changes in CaMKII phosphorylation, fibers were stimulated with a 5-s duration 10-Hz train every 50 s for 1 h with or without 5 μM KN-62 in the Ringer\'s solution and fixed and stained with primary antibody to activated (autophosphorylated; [Fig. 3](#fig3){ref-type="fig"} A, open bars) or total ([Fig. 3](#fig3){ref-type="fig"} A, filled bars) CaMKII. 1 h of 10-Hz train stimulation significantly increased (P \< 0.01) the mean nuclear stain of activated CaMKII compared with unstimulated fibers, and KN-62 (5 μM) blocked the increase in activated CaMKII staining after stimulation ([Fig. 3](#fig3){ref-type="fig"} A). In parallel experiments, in which the fibers were stained with antibody directed against total CaMKII, there was no difference in mean nuclear antibody stain between stimulated and unstimulated fibers (P \> 0.05; [Fig. 3](#fig3){ref-type="fig"} A). These results are consistent with activation of nuclear CaMKII by fiber electrical stimulation without any appreciable translocation of CaMKII from the cytoplasm to the nucleus.

![**Effect of stimulation on CaMKII phosphorylation and MEF2 reporter activity.** (A) Mean nuclear pixel fluorescence (normalized to control) in resting fibers and fibers repeatedly stimulated for 1 h using 10-Hz trains in the presence or absence of KN-62 and labeled with antibody for either autophosphorylated (open bars) or total (closed bars) CaMKII. Only nuclei stimulated in the absence of KN-62 and stained for autophosphorylated CaMKII exhibited a significant increase in nuclear staining after stimulation. From left to right, the data were averages of mean nuclear fluorescence from 26, 17, 23, 21, or 13 nuclei from 22, 12, 18, 12, or 10 fibers, respectively. (B) Luciferase activity was increased in fibers infected with adenovirus-encoding MEF2-luciferase reporter and stimulated with 10-Hz trains for 5 h. 5 μM KN-62 blocked the increase in luciferase activity stimulated with 10-Hz trains. Results represent triplicate measurements from each of three independent experiments. Error bars represent ± 1 SEM. \*, P \< 0.05 versus control without stimulation.](200408128f3){#fig3}

10-Hz train stimulation also caused changes in expression of a MEF2-driven luciferase reporter introduced into the fibers via an adenoviral construct ([@bib37]). 5 h of repetitive stimulation (5-s duration 10-Hz trains every 50 s) followed by 19 h without stimulation caused luciferase activity in fiber culture extracts to approximately double compared with extracts from parallel unstimulated fiber cultures ([Fig. 3](#fig3){ref-type="fig"} B). The same stimulation (5 h, followed by 19 h without stimulation) in the presence of the CaMK inhibitor KN-62 gave the same luciferase activity as control. Thus, KN-62 completely blocked the stimulation-dependent increase in MEF2 reporter activity, just as KN-62 completely blocked the stimulation-dependent efflux of HDAC4 from the nucleus ([Fig. 2](#fig2){ref-type="fig"}).

Effects of stimulation patterns on nuclear efflux of HDAC4
----------------------------------------------------------

1-Hz continuous stimulation also caused the exit of HDAC4-GFP from the nucleus ([Fig. 4](#fig4){ref-type="fig"} A), but the efflux was somewhat lower than with the 10-Hz trains. Using linear fits to the data from each fiber, the mean initial net export rate during the first 30 min of 1-Hz continuous stimulation was −0.45 ± 0.10%/min over (10 nuclei from 5 fibers), which is slower than the corresponding value of −0.62 ± 0.12%/min obtained from the fibers stimulated with 5-s 10-Hz trains every 50 s ([Fig. 2](#fig2){ref-type="fig"} A; 10 nuclei from 6 fibers). In contrast to the 10-Hz train stimulation ([Fig. 2](#fig2){ref-type="fig"} A), which is typical for slow type fibers, using 100-ms trains at 100 Hz every 50 s, which is a typical pattern of fast fiber type activity ([@bib15]), did not cause any detectable change in nuclear fluorescence, indicating negligible net nucleus to cytoplasm translocation of HDAC4-GFP with the fast fiber type stimulation pattern ([Fig. 4](#fig4){ref-type="fig"} B, eight nuclei from six fibers). Thus, we conclude that the rate and extent of loss of nuclear HDAC4 is determined by the pattern of activity experienced by the muscle fibers, and that the typical slow pattern of stimulation, but not the fast pattern, induces nuclear to cytoplasmic translocation of HDAC4.

![**Time course of nuclear to cytoplasmic translocation of HDAC4 with 1- or 100-Hz stimulation.** (A) 1-Hz continuous stimulation resulted in nuclear to cytoplasmic translocation of HDAC4-GFP, but with a lower mean initial net export rates compared with 10-Hz trains. The 10-Hz trains were more effective than 1 Hz in causing HDAC4-GFP nuclear export. Nuclear fluorescence declined continuously during the 120-min stimulation period. The cytoplasmic fluorescence remained constant during the same period of time. (B) 100-ms train at 100 Hz every 50 s did not have effects on the subcellular distribution of HDAC4-GFP.](200408128f4){#fig4}

Subcellular distribution of HDAC5-GFP was not altered by electrical stimulation
-------------------------------------------------------------------------------

Both HDAC4 and HDAC5 are class II histone deacetylases, exhibiting high levels of expression in skeletal muscle and involvement in muscle differentiation ([@bib24]; [@bib25]). Fibers expressing HDAC5-GFP were repetitively stimulated with 10-Hz trains for 5 s every 50 s, as in fibers expressing HDAC4-GFP. Surprisingly, 2 h of 10-Hz train stimulation, which resulted in ∼49% drop of nuclear HDAC4-GFP, decreased the nuclear HDAC5-GFP by only 11% ([Fig. 5, A and B](#fig5){ref-type="fig"}, 10 nuclei from 5 fibers), suggesting a significant difference between HDAC4 and HDAC5 in the sensitivity to the electrical stimulation. Another difference between HDAC4 and 5-GFP was that under resting conditions without electrical stimulation, the mean value of the ratio of cytoplasmic to nuclear mean pixel fluorescence was 51 ± 4% for HDAC4-GFP (28 nuclei from 16 fibers) but only 13 ± 2% for HDAC5-GFP (31 nuclei from 17 fibers), indicating more effective nuclear retention of HDAC5.

![**There was no significant change in subcellular distribution of HDAC5-GFP in fibers stimulated with 10-Hz trains.** (A) A fiber expressing HDAC5-GFP is shown 30 min before (−30), at the start of (0), and after stimulation for 60 or 120 min. Because of the relatively low cytoplasmic HDAC5, only the nuclei are apparent. (B) The average fluorescent intensity per pixel over whole nuclei (closed circles) or over the cytoplasm (open circles) was quantitated and normalized. After 2 h of 10-Hz train stimulation, there was no significant decline of nuclear fluorescence. Bar, 10 μM.](200408128f5){#fig5}

Calmodulin-YFP distribution is not altered by electrical stimulation
--------------------------------------------------------------------

Because CaMK appears to mediate the stimulation-dependent translocation of HDAC4 from the nucleus to the cytoplasm ([Fig. 2](#fig2){ref-type="fig"}), we next examined the intracellular distribution of CaM-YFP, expressed by adenoviral infection, to see if stimulation recruited CaM to the nucleus. In resting fibers, CaM-YFP exhibited a sarcomeric pattern in the cytoplasm, with the bright lines in the pattern corresponding to α-actinin localization at the Z line (not depicted), and a diffuse pattern in the nucleus except the nucleolus ([Fig. 6](#fig6){ref-type="fig"} A). There was significant CaM-YFP in the A-band region between Z-lines, giving a pixel fluorescence about half that at the Z-line and indicating presence of CaM within the sarcomere away from the Z-line. The mean value of the ratio of nuclear to cytoplasmic mean pixel fluorescence was 0.79 ± 0.05 (11 nuclei from 7 fibers). This ratio was stable in resting fibers and did not change during a 2-h period of repetitive stimulation with 5-s trains of 10-Hz stimuli applied every 50 s ([Fig. 6](#fig6){ref-type="fig"} B, left), a stimulus pattern that produced clear KN-62-sensitive, stimulation-dependent translocation of HDAC4 from the nucleus to the cytoplasm ([Fig. 2](#fig2){ref-type="fig"}). CaM-YFP also did not exhibit any change in nuclear-cytoplasmic distribution during 2 h of continuous 1-Hz stimulation ([Fig. 6](#fig6){ref-type="fig"} B, right).

![**The subcellular distribution of CaM-YFP was not changed by 10- or 1-Hz electrical stimulation.** (A) A typical living fiber expressing CaM-YFP is shown for 30 min (−30 and 0) before stimulation and 60 and 120 min after repetitive stimulation with 10-Hz trains. In resting fibers, CaM-YFP was present in the cytoplasm as well as the nucleus. (B) The fluorescence signals from both the nucleus and the cytoplasm were quantitated. Data are presented as the ratio of the average fluorescence intensity per pixel from the nucleus relative to the cytoplasm. Neither 10-Hz train stimulation (left) for 2 h nor 1-Hz continuous stimulation (right) resulted in any subcellular redistribution of CaM-YFP. (C) FRAP of CaM-YFP was performed in the nuclear area of a muscle fiber. Shown is a nucleus before photobleaching, immediately after photobleaching, and after 30 and 60 min of recovery. The entire nuclear region was selectively bleached. Bars, 10 μm.](200408128f6){#fig6}

We also performed CaM-YFP FRAP measurements to determine the rate of CaM-YFP nuclear movement. Fluorescence over the entire nucleus was significantly suppressed by photobleaching ([Fig. 6](#fig6){ref-type="fig"} C), and the time course of subsequent fluorescence recovery in the nucleus was imaged in resting fibers ([Fig. 6](#fig6){ref-type="fig"} C). Exponential fits to FRAP time courses gave a mean rate constant of 3.48 ± 0.26%/min (seven nuclei from seven fibers). Thus, less than ∼3.5% redistribution of CaM should have occurred in the \<1-min interval from preceding stimulation to imaging in [Fig. 6](#fig6){ref-type="fig"} (A or B) if the FRAP rate in resting fibers was the same as after fiber stimulation.

To confirm that CaM-YFP did not enter nuclei during stimulation and then leave within the few seconds before image acquisition, we imaged fiber nuclei within 1 s after termination of a 5-s train of 10-Hz stimuli. There was no indication of increased nuclear CaM-YFP immediately (i.e., \<1 s) after stimulation (unpublished data). Thus, the physiological CaM kinase activation that underlies the nuclear to cytoplasmic translocation of HDAC4 during electrical stimulation ([Fig. 2](#fig2){ref-type="fig"}) does not appear to involve translocation of CaM from the cytoplasm to the nucleus, but must involve Ca^2+^ activation of CaM already resident in the nucleus, presumably due to an elevated nuclear Ca^2+^ during fiber stimulation.

In contrast to the lack of effect of electrical stimulation on the distribution of CaM, prolonged continuous elevation of Ca^2+^ concentration by addition of ionomycin (2 μM) to the bathing solution (presumably elevating both cytosolic and nuclear Ca^2+^ concentration) did give rise to a delayed redistribution of CaM from the cytoplasm to the nucleus, resulting in an increase in the ratio of nuclear-cytoplasmic CaM-YFP mean pixel fluorescence from 0.67 ± 0.08 before ionomycin to 1.88 ± 0.18 after 10-min exposure to ionomycin.

Nuclear and cytoplasmic calcium is elevated during electrical stimulation
-------------------------------------------------------------------------

Muscle fibers loaded with the calcium indicator fluo-4 were imaged before, during, and after repetitive stimulation with 5-s duration 10-Hz trains applied every 50 s ([Fig. 7](#fig7){ref-type="fig"} A). Note that full acquisition of each image in [Fig. 7](#fig7){ref-type="fig"} A required 600 ms (top line first, bottom line last). Thus, when an image was acquired during the train ([Fig. 7](#fig7){ref-type="fig"} A, b and f), the abrupt rise in fluorescence of the Ca^2+^ concentration indicator (sharp bright horizontal stripes across the fiber) in response to application of a given stimulus ([Fig. 7](#fig7){ref-type="fig"} A, arrowheads) corresponds to a particular line that was imaged at a time when a stimulus was applied. The subsequent stimulus, applied 100 ms later in time, appears at a spatial location 5 μm further down the image because the images were acquired at 0.05 μm/ms. With the time resolution used here, each stimulus activates the entire fiber cross section essentially uniformly ([Fig. 7](#fig7){ref-type="fig"} A, b and f). The decay of the cytosolic Ca^2+^ concentration signal occurs rapidly after the train of stimuli ([Fig. 7](#fig7){ref-type="fig"} A, c; and [Fig. 7](#fig7){ref-type="fig"} B), whereas nuclear Ca^2+^ concentration decays more slowly than cytosolic Ca^2+^ concentration ([Fig. 7](#fig7){ref-type="fig"} B). The lower fluorescence of the nonratiometric Ca^2+^ indicator fluo-4 in the nucleus than in the cytoplasm in resting fibers ([Fig. 7](#fig7){ref-type="fig"} B) probably does not indicate a difference in resting Ca^2+^ concentration, but more likely arises from preferential exclusion of dye from the nucleus, preferential binding of dye in the cytoplasm, lower affinity of the dye for Ca^2+^ in the nucleus than the cytoplasm, or a combination of these effects. Within the train of stimuli ([Fig. 7](#fig7){ref-type="fig"} C), cytosolic Ca^2+^ concentration rises after each stimulus and then falls between pulses. In contrast, nuclear Ca^2+^ concentration seems to rise more slowly and continuously during the train ([Fig. 7](#fig7){ref-type="fig"} B), as anticipated for diffusion of elevated Ca^2+^ concentration from the cytoplasm into the nucleus. Compared with the resting fiber ([Fig. 7](#fig7){ref-type="fig"} A, a), nuclear Ca^2+^ concentration remains elevated a few hundred ms after the end of the 5-s 10-Hz trains of pulses ([Fig. 7](#fig7){ref-type="fig"} A, c; and [Fig. 7](#fig7){ref-type="fig"} B). This elevated nuclear Ca^2+^ concentration then declines during the 45-s interval between successive trains ([Fig. 7](#fig7){ref-type="fig"} B). Thus, activation of nuclear CaMK due to elevated nuclear Ca^2+^ concentration appears to be a likely mechanism underlying the CaMK-dependent HDAC4 efflux during fiber electrical stimulation.

![**Calcium concentration is elevated in both the nucleus and cytoplasm during repetitive electrical stimulation.** (A) A fiber was repetitively stimulated every 50 s with a 5-s duration train of pulses at 10 Hz. Calcium-dependent fluo-4 fluorescence images taken in x-y scan mode in the resting "control" condition before the start of repetitive stimulation (a), 1--1.6 s after the start of the first train (b), 0--0.6, 2--2.6, and 42--42.6 s after the first train (c--e), and 1--1.6 s after the start of the second train (f). The notched appearance at the edge of the fiber in panels b and f is due to individual nonfused fiber contraction at each stimulus. The nuclear Ca^2+^ concentration was still elevated compared with the rest a few hundred milliseconds after the end of the 5-s train (c). Arrowheads indicate the application of each stimulus within an image. Note that each image was scanned from top to bottom at 0.05 μm/ms. (B) Time course of nuclear (closed circles) or cytosolic (open circles) mean pixel fluorescence in the central 100 μm (recorded during 200 ms) of images in A and others not depicted. Arrows indicate underestimation of mean pixel fluorescence due to the inclusion of pixels maxed out due to detector saturation. Horizontal bars below records mark duration of the 5-s 10-Hz trains of stimuli. (C) Time course of cytoplasmic fluorescence from individual images (i.e., from top to bottom) during stimulation (top; from A, b) and before and after stimulation (bottom; from A, a and e). Vertical lines mark times of individual stimuli.](200408128f7){#fig7}

Leptomycin B reveals shuttling of HDAC4 under resting conditions
----------------------------------------------------------------

Leptomycin B binds to the nuclear export mediator protein CRM1, thereby blocking the binding of CRM1 to proteins containing the nuclear export signal ([@bib11]) and preventing their nuclear export. During exposure to leptomycin B (40 nM), nuclear HDAC4-GFP continuously increased over a 60-min experimental period, whereas the cytoplasmic fluorescence signal was stable ([Fig. 8](#fig8){ref-type="fig"} A). Upon treatment with leptomycin B, HDAC4-GFP translocated into the nucleus at a constant rate ([Fig. 8](#fig8){ref-type="fig"} B) of 0.88 ± 0.09%/min. Assuming that leptomycin B completely inhibited HDAC4 efflux from fiber nuclei, these results reveal a unidirectional influx of HDAC4 into nuclei at a rate of 0.88%/min. If influx was not altered by leptomycin B, then under resting conditions, before addition of leptomycin B and in the absence of muscle activity to activate protein kinases or protein phosphatases, there was balanced unidirectional nuclear influx and efflux of HDAC4 at this rate to give zero net flux of HDAC4 since nuclear HDAC4 was constant in resting fibers under control conditions.

![**Movements of HDAC4-GFP in unstimulated fibers in the presence of leptomycin B, KN-62, and staurosporine.** (A) A typical living fiber expressing HDAC4-GFP is shown in Ringer\'s solution without any treatment for 30 min (−30 and 0) and after 30 and 60 min in the presence of 40 nM leptomycin B, a specific inhibitor of the nuclear export receptor CRM1. In the presence of leptomycin B, nuclear HDAC4-GFP fluorescence was significantly increased. No changes in cytoplasmic fluorescence were detected. Bar, 50 μm. (B) Time course of nuclear and cytoplasmic HDAC4-GFP fluorescence before and during exposure to 20 nM leptomycin B. Leptomycin B block of nuclear export of HDAC4-GFP caused an increase of HDAC4-GFP in the nucleus. (C) KN-62 was first added to culture dishes with fibers expressing HDAC4-GFP, and the fluorescence remained constant for 60 min. 1 μM staurosporine, a general kinase inhibitor, was then added to the same dishes without washing out of KN-62. The fluorescence signal was recorded for another 60 min. The same group of fibers that had no response to KN-62 subsequently responded to staurosporine, with a significant increase in nuclear HDAC4-GFP, indicating that staurosporine inhibition of a KN-62--insensitive kinase underlies the HDAC4 nuclear accumulation produced by staurosporine.](200408128f8){#fig8}

Next, we used FRAP to verify the existence of nuclear fluxes, and consequent nuclear shuttling of HDAC4 in unstimulated fibers under resting control conditions without pharmacological suppression of nuclear efflux by leptomycin B. The mean initial rate of recovery of nuclear fluorescence, determined by linear fit to the fluorescence during the first 30 min after photobleaching in each of six nuclei in six fibers, was 0.89 ± 0.15%/min. Subsequently, 120 min after photobleaching, leptomycin B was added to the same fibers and the mean rate of increase in nuclear fluorescence in the same fibers in the presence of leptomycin B was found to be 1.08 ± 0.18%/min. Thus the initial rate of HDAC4 fluorescence recovery in nuclei after near complete photobleaching was very similar to the rate of increase of nuclear fluorescence in the presence of leptomycin B, which is consistent with a resting nuclear influx (and efflux) equal to the rate of net nuclear influx seen in the presence of leptomycin B.

HDAC4 movements in resting fibers in the presence of protein kinase inhibitors
------------------------------------------------------------------------------

The CaMK inhibitor KN-62 completely blocked the net nuclear to cytoplasmic translocation of HDAC4-GFP in response to electrical stimulation (10-Hz trains; [Fig. 2](#fig2){ref-type="fig"} C). Thus, we also explored the possible role of CaMK in the dynamic shuttling of HDAC4-GFP in resting fibers. During a 1-h period of exposure of unstimulated fibers to KN-62 (5 μM), the HDAC4-GFP fluorescence in the nucleus and in the cytoplasm were both stable, without any significant change ([Fig. 8](#fig8){ref-type="fig"} C). This unexpected finding points out that although CaMK, inhibited by KN-62, played an essential role in calcium-triggered translocation of HDAC4-GFP out of nuclei during muscle activity ([Figs. 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}), any HDAC4 phosphorylation required for shuttling of HDAC4-GFP out of nuclei in unstimulated resting fibers was not mediated by CaMK, but may be mediated by another kinase.

To examine whether or not other protein kinases might affect the distribution of HDAC4-GFP in resting fibers, the broad-spectrum protein kinase inhibitor staurosporine was added to the same fibers that had been previously treated with KN-62 for 1 h. As shown in [Fig. 8](#fig8){ref-type="fig"} C, staurosporine increased the fluorescence signal in the nucleus without affecting cytoplasmic fluorescence in the same unstimulated fibers that did not respond to KN-62. This finding demonstrates that there is one or more unidentified (non-CaMK) protein kinase controlling the shuttling of HDAC4-GFP in unstimulated fibers, whereas CaMK is activated and responsible for the Ca^2+^-dependent increase in nuclear to cytoplasmic translocation of HDAC4 in stimulated fibers. Collectively, it seems that there are two different parallel biochemical pathways mediating HDAC4 phosphorylation before efflux from the nucleus, one that is activity and CaMK dependent and another that is activity and CaMK independent.

Phosphatases mediating HDAC4 nuclear influx
-------------------------------------------

Next, we tested the role of phosphatases in HDAC4 shuttling in resting fibers. Over a 60-min period of treatment with 1 μM calyculin A (a PP1 and PP2A phosphatase inhibitor that does not affect PP2B; [@bib17]), the nuclear HDAC4-GFP fluorescence decreased linearly with a mean net export rate of −0.71 ± 0.07%/min ([Fig. 9](#fig9){ref-type="fig"} A, 13 nuclei from 5 fibers). This rate is a measure of the net efflux with the calyculin A--sensitive endogenous phosphatases (PP1 and 2A) inhibited in the absence of muscle fiber activity and the resulting Ca^2+^-dependent stimulation of kinases. Before addition of calyculin A, nuclear HDAC4 was constant, indicating that nuclear influx and efflux of HDAC4 were equal. The observed rate of efflux thus corresponds to the rate of PP1- and/or 2A-dependent HDAC4 influx into resting fibers. This rate is very similar to the rate of influx (0.88%/min) in the presence of leptomycin B, indicating that almost all of the influx of HDAC4 into nuclei during shuttling in resting fibers is mediated by PP1 or 2A dephosphorylation of HDAC4 in the cytoplasm. Interestingly, calyculin A also caused a similar rate of efflux of HDAC5-GFP (−0.62 ± 0.05, nine nuclei from six fibers) from nuclei as observed for HDAC4, establishing the ability of HDAC5 to move out of the nucleus even though it did not translocate in response to electrical stimulation.

![**Effects of protein phosphatase inhibitors on the subcellular distribution of HDAC4-GFP.** (A) The PP1 and PP2A inhibitor calyculin A dramatically decreased nuclear HDAC4-GFP in a 60-min period. HDAC4 nuclear and cytoplasmic fluorescence were constant during 30 min before calyculin A application. Calyculin A (final concentration 1 μM) caused a decline of nuclear fluorescence, but the cytoplasmic fluorescence remained constant. (B) 60-min exposure to the PP2B inhibitor CsA (1 μM) had no effect on nuclear fluorescence, whereas calyculin A subsequently decreased nuclear fluorescence in the same group of fibers.](200408128f9){#fig9}

To rule out the possibility that PP2B (calcineurin) plays any role in the shuttling of HDAC4, we also studied the effects of cyclosporin A (CsA) on the distribution of HDAC4-GFP in resting fibers. 1 μM CsA had no effect on the distribution of HDAC4-GFP ([Fig. 9](#fig9){ref-type="fig"} B). However, when calyculin A was subsequently added to the same culture, the nuclear HDAC4-GFP dropped significantly, at a net rate of −0.62 ± 0.13%/min ([Fig. 9](#fig9){ref-type="fig"} B, seven nuclei from three fibers). Thus, the same fibers that exhibited no change in nuclear HDAC4-GFP in response to CsA did respond to block of PP1 and 2A by calyculin A with a robust decline in nuclear HDAC4-GFP.

Discussion
==========

In the present work we have used virally expressed GFP and YFP fusion constructs to monitor and quantify the nuclear influx or efflux of the class II histone deacetylases HDAC4 and 5 and of CaM in adult skeletal muscle fibers maintained in culture. The novel findings of this work are: (a) activity-dependent net export of HDAC4 from the nucleus is mediated by CaMK; (b) CaMK activation during fiber stimulation occurs in the nucleus, without CaM-YFP translocation into the nucleus; and (c) activity-independent unidirectional efflux of HDAC4 from the nucleus occurs at a comparable rate in resting fibers as the activity-dependent net efflux during fiber stimulation but is mediated by a different as yet unknown kinase and is balanced by an equal rate of unidirectional influx of HDAC4 into the nucleus in resting fibers.

Class II HDACs are transcriptional regulators that suppress the activity of MEF2, a transcription factor involved in slow skeletal muscle fiber type gene expression. The components in the regulation of translocation of HDACs from the nucleus to the cytoplasm are shown in [Fig. 10](#fig10){ref-type="fig"}. Our results demonstrate that HDAC4 translocates out of the nucleus, presumably in complex with the chaperone protein 14-3-3 ([@bib36]) in response to Ca^2+^ activation of CaM kinase in the nucleus during electrical stimulation ([Fig. 10](#fig10){ref-type="fig"}, orange and red). Unexpectedly, there is a relatively high rate of balanced nuclear influx and efflux of HDAC4 in resting, unstimulated fibers, resulting in shuttling of HDAC4 between the nucleus and the cytoplasm. Shuttling of HDAC4 in resting fibers was revealed by the influx of HDAC4-GFP in the presence of a blocker (leptomycin B) of the CRM1 efflux carrier, by the net nuclear efflux of HDAC4-GFP when cytosolic PP1 and 2A were blocked by calyculin A, and by the rate of HDAC4-GFP influx after FRAP. The unidirectional flux rates in resting fibers are coincidentally roughly about equal to the net rate of efflux in fibers stimulated with the 10-Hz train pattern (a 5-s duration 10-Hz train repeated every 50 s). Thus, the increased rate of efflux activated by fiber stimulation is only about equal in magnitude to the unidirectional flux rates in a resting fiber (i.e., stimulation approximately doubles the efflux rate).

![**Model of nuclear-cytoplasmic shuttling of HDAC4.** Nuclear shuttling of HDAC in resting muscle fibers at low cytosolic and nuclear Ca^2+^ concentration is based on its intra-nuclear phosphorylation, 14-3-3-- and CRM1-dependent nuclear export, cytosolic dephosphorylation, and subsequent nuclear reentry. In response to muscle activity, cytosolic and nuclear Ca^2+^ concentration are elevated (orange), nuclear CaMK is activated (red), nuclear HDAC is phosphorylated, and the rate of HDAC efflux from the nucleus is consequently increased. The various inhibitors of kinases, phosphatases, and CRM1 used in this work are indicated in blue. Nuclear HDAC inhibits MEF2 transcriptional activation of slow fiber genes (green), and the activity-dependent efflux of HDAC from the nucleus removes this inhibition.](200408128f10){#fig10}

By using two kinase inhibitors, KN-62 and staurosporine, we could demonstrate that different kinases underlie the activity-dependent net efflux activated in stimulated fibers and the unidirectional efflux underlying shuttling of HDAC4 in resting fibers. The activity-dependent net efflux is entirely blocked by the CaM kinase inhibitor KN-62, whereas the unidirectional efflux in resting fibers is not influenced by KN-62 but is inhibited by the broad-spectrum kinase inhibitor staurosporine ([Fig. 10](#fig10){ref-type="fig"}, added inhibitors shown in dark blue). These reciprocal pharmacological effects of two different kinase inhibitors demonstrate that different enzymes mediate HDAC4 efflux in resting fibers and the extra efflux activated in electrically stimulated fibers. There is no doubt that CaMK is a prominent kinase that phosphorylates HDAC4 and regulates its subcellular distribution ([@bib26]; [@bib40]). However, there are several reports suggesting that there are other protein kinases involved in HDAC phosphorylation and thereafter its subcellular distribution ([@bib40]). The binding of HDAC4 to 14-3-3 in U2OS cells is not stimulated by CaMK, and overexpression of CaMKIV did not increase HDAC4 binding to 14-3-3. Instead, there may be another kinase that phosphorylates HDAC4 and affects its subcellular distribution ([@bib40]). In cardiac muscle, an uncharacterized HDAC kinase is reported that is different from CaMK in response to specific inhibitors KN-62 or KN-93 ([@bib39]). Here, we show that the activity-dependent increase in HDAC4 phosphorylation by CaMK is approximately equal to the rate of HDAC4 phosphorylation by the unspecified kinase in resting fibers.

Our results also reveal that muscle fibers appear to exhibit isoform specificity in their handling of different members of class II HDACs. HDAC5-GFP was more highly concentrated in nuclei than HDAC4-GFP and did not exhibit stimulation-dependent nuclear efflux for stimulation patterns that clearly caused HDAC4 nuclear efflux, as previously observed in neurons ([@bib4]). However, both HDAC4 and 5 were depleted from muscle nuclei at similar rates in the presence of calyculin A. Thus, these two HDACs respond similarly to phosphatase inhibition but differently to electrical stimulation.

Because CaMK underlies the activity-dependent efflux of HDAC4 from muscle fiber nuclei, we also used a virally expressed YFP construct of CaM to investigate if fiber electrical stimulation causes a net movement of CaM into the nuclei, as previously reported for high K^+^ stimulation of hippocampal neurons ([@bib9]; [@bib28]). However, our results do not reveal any redistribution of CaM-YFP between the cytoplasm and the nucleus in response to the physiological patterns of action potential stimulation used here, even though our FRAP measurements demonstrate that CaM-YFP can move into nuclei relatively rapidly, likely via nuclear pores. Thus, the CaMK activation underlying the activity-dependent increase in nuclear kinase activity, and the resulting activity-dependent translocation of HDAC4 out of the nuclei, appears to be the result of CaMK activation by Ca^2+^ entry into the nuclei, the resulting binding of Ca^2+^ to CaM already present in the nuclei, and the consequent activation of nuclear CaMK ([Fig. 10](#fig10){ref-type="fig"}). In contrast, we did find that a large and prolonged elevation of Ca^2+^ in the presence of the Ca^2+^ ionophore ionomycin did cause an increase in the relative amount of CaM-YFP within the nuclei, but this change does not appear to be produced by the physiological electrical stimulation paradigm and is therefore not included in [Fig. 10](#fig10){ref-type="fig"}. Antibody staining revealed that the level of activated CaMKII in the nucleus increased with fiber stimulation, and that this increase was blocked by CaMK inhibitor KN-62, but that total nuclear CaMKII did not change with stimulation.

Finally, by using phosphatase inhibitors, we demonstrate that phosphatase 1 and/or 2A is likely involved in the cytoplasmic dephosphorylation and the resulting subsequent entry of HDAC4 into nuclei during shuttling in resting fibers, whereas the Ca^2+^-dependent phosphase calcineurin does not appear to be involved in dephosphorylation of HDAC4 before nuclear entry ([@bib25]).

Comparison with earlier results and interpretations
---------------------------------------------------

The present paper presents the first study of the subcellular distribution of HDAC4 and HDAC5 in fully differentiated adult skeletal muscle fibers and of the changes in intracellular localization of HDAC4 in response to fiber stimulation. It s already known that CaMK plays an important role in the phosphorylation and exportation of HDAC4 from nuclei ([@bib25], [@bib27]) and that overexpression of active CaMK II or IV can facilitate the export of HDAC4 from the nucleus to the cytoplasm ([@bib30]; [@bib40]). However, there are no previous studies using more physiological manipulations, which activate CaMK by directly increasing cytoplasmic and nuclear calcium in response to muscle fiber action potentials. Here, we demonstrate that electrical stimulation could result in net nuclear export of HDAC4 and that this transport was achieved by activating CaMK because the translocation was sensitive to the CaMK inhibitor KN-62.

Compared with our previous study of NFATc translocation in adult muscle fibers, the frequency-dependent translocation of HDAC4 is different from that of NFATc. 1-Hz stimulation is able to initiate export of HDAC4 out of the nucleus (present results), whereas 1-Hz stimulation had no effect on nuclear translocation of NFATc ([@bib23]). This difference presumably reflects different responses of CaMK and calcineurin to the patterns of calcium transients. Both NFAT and HDAC are involved in the regulation of muscle fiber type. The calcineurin--NFATc pathway can up-regulate slow fiber type gene expression by NFAT binding to sites in the promotor region of slow fiber type--specific genes ([@bib6]; [@bib16]). The CaMK--HDAC pathway may relieve the repression of MEF2 by HDAC ([@bib29]), thereby allowing MEF2 to promote slower fiber type gene expression ([@bib2]; [@bib38]). Thus, the responses to different frequencies noted here for the different gene regulation components HDAC4 and NFATc may provide an element of fine tuning for fiber type determination and transformation ([@bib1]; [@bib32]). Details of how the calcineurin--NFAT pathway may interrelate and "cross-talk" with the CaMK--HDAC pathway in skeletal muscle cells remain to be established ([@bib5]).

There are numerous reports that in several kinds of cells CaM concentration in the nucleus increases in response to rinsing calcium ([@bib9]; [@bib7]; [@bib20]; [@bib33]; [@bib28]). Here, we tested the effects of electrical stimulation, which raises both cytoplasmic and nuclear calcium in muscle fibers. Surprisingly, neither 10-Hz trains nor 1-Hz continuous stimulation resulted in any changes in nuclear CaM-YFP in the adult skeletal muscle fibers used in this work. The difference from previous studies could result from different types of cells used or different kinds of stimuli. For example, here we used 10-Hz trains of 1-ms pulses to trigger muscle action potentials and initiate the resulting brief Ca^2+^ transients ([@bib22]). In other studies, the elevated calcium could last from several seconds to several minutes ([@bib33]; [@bib28]), or even longer ([@bib20]). In conclusion, stimulation-dependent activation of intranuclear CaMKII due to elevated nuclear Ca^2+^ appears to underlie the electrical stimulation--dependent efflux of HDAC4 from nuclei in adult muscle fibers.

Materials and methods
=====================

Construction of recombinant adenoviruses
----------------------------------------

The expression plasmid for HDAC4-GFP was a gift from S.L. Schreiber (Harvard University, Cambridge, MA; [@bib12]). Production of recombinant adenovirus (Ad5) containing HDAC4-GFP cDNA, incorporation into pAdlox shuttle plasmid, and viral production by cre recombinase were performed according to the methods of [@bib13] as previously described ([@bib23]). Recombinant adenovirus expressing wild-type CaM-YFP was provided by D.T. Yue (Johns Hopkins University, Baltimore, MD; [@bib10]) and amplified using similar methods. A recombinant adenovirus containing a MEF2-luciferase reporter cassette, composed of six concatomerized MEF2 sites from the MCK muscle-specific enhancer upstream of a minimal TATA box-containing promoter, was provided by J.D. Molkentin (Children\'s Hospital Medical Center, Cincinnati, OH; [@bib37]). Recombinant adenovirus expressing HDAC5-GFP was a gift from T.A. McKinsey (Myogen, Inc., Westminster, CO; [@bib14]).

Infection of recombinant adenoviruses in FDB fibers
---------------------------------------------------

Single muscle fibers were enzymatically dissociated from FDB muscles of 4--5-wk-old CD-1 mice and cultured as described previously ([@bib22]). Isolated fibers were cultured on laminin-coated glass coverslips, each glued over a 10-mm-diam hole through the center of a plastic Petri dish ([@bib22]). Fibers were cultured in MEM containing 10% FBS and 50 μg/ml of gentamicin sulfate in 5% CO~2~ (37°C). Virus infections were performed as previously described ([@bib23]).

Microscopy, image acquisition, and fiber stimulation
----------------------------------------------------

Approximately 72--76 h after infection, culture medium was changed to Ringer\'s solution (135 mM NaCl, 4 mM KCl, 1 mM MgCl~2~, 10 mM Hepes, 10 mM glucose, and 1.8 mM CaCl~2~, pH 7.4). The culture chamber was mounted on an inverted microscope (model IX70; Olympus) equipped with a laser scanning confocal imaging system (model MRC-600; Bio-Rad Laboratories) using an argon ion laser supplying an excitation wavelength of 488 nm. Fibers were viewed with a 60×/1.4 NA water immersion objective (Olympus) and scanned at 1.6× zoom using constant laser power and gain. Two platinum electrodes connected to a stimulator were placed into the fiber culture chamber to give field stimulation. The fibers were maintained and imaged at RT (24°C) for 30 min before the stimulation began, after which the focus was adjusted to obtain a sharp view of the previously imaged nuclei. The duration of the individual stimulating pulses was 1 ms in all protocols. The stimulation voltage was adjusted to give microscopically observed fiber contraction in all cases. Most fibers remained attached to the laminin-coated coverslip throughout the period of fiber stimulation and recovery, and only such fibers were used to obtain the data reported here. Confocal images were taken at regular intervals before, during, and after stimulation.

For treatment with chemical reagents, fibers were rinsed with Ringer\'s solution and a first (control) image was taken. The cultures were maintained on the microscope stage for 30 min (−30 min in the figures) before the chemical reagents were added. One image was taken immediately after drug addition (0 min in the figures), and then images were taken every 10 min. Leptomycin B, calyculin A, and staurosporine were purchased from LC Laboratories. KN-62 was purchased from Calbiochem.

Analysis of translocation of GFP- or YFP-tagged proteins in living fibers
-------------------------------------------------------------------------

The average fluorescence of pixels within user-specified areas of interest (AOI) in each image were quantitated using software custom-written in the IDL programming language (Research Systems). For each electrical stimulation or pharmacological experiment, the time course of the average pixel fluorescence within each AOI was first fitted with a straight line, from which a predicted time 0 value was obtained. Then, all the fluorescence values for the AOI at each time point were divided (normalized) by the predicted time zero value for the AOI. The resulting data gives the relative value of fluorescence of each individual AOI at different time points normalized to the predicted time 0 value in the same AOI. This method was used throughout all the experimental groups. Results are expressed as the mean ± SEM. The rate of change (percent per min) of fluorescence was calculated from the slope of the linear fit through the normalized fluorescence data for each nuclear or each cytoplasmic AOI. Note that such calculated rates of change of fluorescence are relative to the initial fluorescence within each AOI as determined by the linear fit to the fluorescence values over the initial time interval.

Nuclear FRAP
------------

FRAP experiments were performed on a confocal microscope (model Fluoview 500; Olympus). The GFP or YFP moiety was excited at 488 or 514 nm and emission was detected at above 505 or at 535--565 nm, respectively. After recording a prebleach image, a rectangular region slightly larger than the nucleus and covering the entire nucleus was scanned/photobleached with maximum laser power. Subsequently, images were captured at 10-min intervals for 60 min at lower laser power. During recording of the prebleach and time-lapse recovery images, no significant photobleaching was observed. The change in mean nuclear pixel fluorescence over time was quantified by IDL program, and then it was fitted to $\documentclass[10pt]{article}
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MEF2 activity and CaMK phosphorylation
--------------------------------------

For MEF2 reporter or CaMK phosphorylation studies, FDB fibers cultured in coverslip-bottomed wells in culture dishes with two stainless steel wire electrodes glued to the bottom of the dish ([@bib21]) were repetitively stimulated.

CaMKII autophosphorylation at Thr-286 (287) was analyzed by immunofluorescence stain after fixation and permeabilization ([@bib23]) using a phospho-specific antibody that recognizes CaMKII only when it is autophosphorylated at Thr-286 (α) or Thr-287 (β, γ, and δ) (Promega; [@bib3]; [@bib31]) or with antibody directed against total CaMKII (Chemicon), both detected with Cy5-conjugated second antibody. The fluorescence of the nucleus in the stained fibers was quantified using the confocal microscope (Olympus) with constant laser power and gain.

To measure MEF2 reporter activity, the cultures were lysed in passive lysis buffer (Promega). Luciferase activity was determined with the luciferase assay kit (Promega).

Calcium recording
-----------------

Culture medium was first changed to normal Ringer\'s solution. Fluo-4AM in DMSO was added to dishes to give a final concentration of 2 μM fluo-4AM in Ringer\'s solution. After loading for 20 min, cultures were rinsed three times with Ringer\'s solution and equilibrated for 20 min before recording. The fibers were stimulated with the same stimulator as used for studying HDAC4-GFP translocation. The pulse generator was precisely synchronized with the confocal microscope during image acquisition. Dye loading and calcium recording were performed at RT (24°C).
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